The aim of this study was to address the question of whether differences in farrowing rate and litter size after the use of different ejaculates could be predicted using the standard semen parameters under commercial conditions. In this study, a total of 1818 sows were used to evaluate the fertility predictive value of different sperm parameters. Logistic regression analysis (univariate and multivariate) was used to correlate the dichotomous farrowing rate data to the sperm parameters. Linear regression was also used to determine the relationship between litter size and semen parameters (Pearson correlation and multiple regression). Receiver-operating curves (ROC) were used to determine the overall performance characteristics of each semen variable in the logistic regression model. Semen analysis, under commercial conditions, allows to identify ejaculates with very low fertility potential but the pre-selection of the samples, the high number of sperm per doses and the high quality of the semen used in artificial insemination (AI) programmes reduces the variability. Therefore, it is unlikely to detect fertility differences associated with seminal parameters.
Introduction
The prediction of sperm fertilizing ability has a great economic importance to breeding herds when artificial insemination is used, as it leads to the selection of those boars with a good reproductive performance. However, at the moment, only a few trials that correlate sperm factors and fertility have been reported (reviewed by Gadea 2003) . In most of them, a reduced or poor significant relationship has been observed (reviewed by Woelders 1991; Flowers 2002) , in part, because of the many factors involved in fertility in sows (Foote 2003) .
Classical methods of semen evaluation generally measure sperm concentration, progressive motility, the percentage of viable cells and acrosome morphology. These assays are poor in predicting fertility outcome, because only those samples with markedly poor quality can be identified (Gadea et al. 1998) . To solve this problem, new procedures of seminal analysis in vitro (Braundmeier and Miller 2001) , or multiple analysis of the same sample have been evaluated (Woelders 1991) and new assays to study the oocyte-sperm interaction as the in vitro fertilisation (IVF) system have been developed (Gadea et al. 1998; Xu et al. 1998; Selles et al. 2003) . However, these analyses are expensive and timeconsuming, and cannot be applied under field commercial conditions.
Under field commercial conditions, the use of simple, non-expensive and accurate assays is required. Such goal has been pursued over decades but no definitive solution has ever been reported.
The aim of this study was to address the question of whether farrowing rate and litter size after the use of different ejaculates could be predicted with classical semen-quality parameters under commercial conditions. Different analytical strategies have been developed to determine the possible relationship between sperm parameters and farrowing rates and litter size. The first is the exploration of diffences in seminal parameters between ejaculates classified in two categories according to farrowing rate, with a target value for fertility under commercial conditions (85% farrowing rate). Secondly, logistic and linear regression analyses were applied to detect any significant relationship between semen quality and farrowing rate and litter size.
Materials and Methods
Spermatozoa from 273 ejaculates from 57 boars (four Dalland and 53 Pietrain) were evaluated for semenquality parameters in vitro. Sperm-rich fractions were collected by an experienced operator using the glovedhand technique. At the time of collection, the ejaculate was filtered through a gauze to remove gel and immediately placed at 37°C in a temperaturecontrolled water bath. Each ejaculate was later diluted to a final concentration of 3 · 10 7 spermatozoa/ml in a commercial extender for refrigerated semen (MR-AÓ, Kubus, Madrid, Spain) and stored at 17°C until assay.
Routine laboratory evaluation of semen
The volume of the sperm-rich fraction of the ejaculate was determined in a graduated cylinder and sperm concentration measured with a haemacytometer. To evaluate the motility and the forward progressive motility (FPM), two subsamples were placed on warm glass slides (39°C) and examined under a light microscope (·400 magnification). The percentage of motile sperm cells was estimated subjectively to the nearest 5% and the FPM using an arbitrary scale of 0-5.
Wet mounts of semen fixed in buffered 2% glutaraldehyde solution were examined under a phase-contrast microscope (·1000 magnification) to analyse the morphology and acrosomes (Pursel et al. 1972) . The proportion of spermatozoa with a normal apical ridge (NAR) was determined on two slides per sample and a total of 200 spermatozoa per sample. Two hundred spermatozoa were categorized according to sperm morphology into those with normal morphology, cells with attached proximal cytoplasmic droplets (PCD), distal cytoplasmic droplets (DCD), folded tail, coiled tail and others (abnormal heads) etc.
Eosin-nigrosin (EN) viability staining of sperm was applied. A semen sample was diluted 1 : 1 with staining solution (5% yellow eosin, 10% nigrosin in a citrate solution pH 7.4) and smeared. Air-fixed stained spermatozoa were observed and 200 spermatozoa were evaluated per slide (Bamba 1988 ) and the percentage of non-stained spermatozoa was registered.
Sperm membrane integrity was assessed by incubation with carboxyfluorescein diacetate (DCF) (Harrison and Vickers 1990) on at least 200 cells/sample using a microscope equipped with epi-fluorescence.
Fertility trial
The fertility study was conducted on a commercial farm, using multiparous (two to six pregnancies) crossbred sows (Landrace · Large White). Oestrus was checked daily in the presence of a mature teaser boar. Occurrence of oestrus was defined by the standing reflex in front of a boar (back pressure test) and reddening and swelling of the vulva. The sows were inseminated with diluted semen, containing 3 · 10 9 sperm in 100 ml MR-A extender, using disposable artificial insemination (AI) catheters. Insemination of all sows showing oestrus signs took place on immediately after the diagnosis of oestrus and was repeated 24 h later under the same conditions with semen preserved at 17°C.
Fertility was measured for every ejaculate as the percentage of sows farrowing to AI. For each sow that farrowed, the number of dead and live piglets was counted and the sum was defined as the total number of piglets born (TPB).
Experimental design
In this study, a total of 1818 sows were used to evaluate the capacity for fertility prediction of the different sperm assays. Ejaculate was consider to be the experimental unit. First, the ejaculates were grouped into two categories according to fertility rate (low, farrowing rate £ 85%; high, farrowing rate > 85%). Seminal parameters were evaluated and differences between fertility groups were investigated. Secondly, logistic and linear regression analyses were applied to detect any significant relationship between semen quality and farrowing rate and litter size.
Statistical analysis
The results are expressed as mean ± SEM and were analysed by one-way ANOVA, using the multivariate general linear models of Systat. When ANOVA revealed a significant effect, values were compared by Tukey's test.
Logistic regression (univariate and multivariate) was used to relate the dichotomous fertility rate data to the sperm parameters. Linear regression was used to further investigate relationships between litter size and measured semen parameters (Pearson's correlation and multiple regression). Receiver-operating curves (ROC) were used to determine the overall discriminant power of each semen variable in the logistic regression model. A ROC was also used to calculate the elective breaking point (cut-off value) for each semen variable in relation to the fertility trial. The breaking point is in relation with the point that maximized specificity and sensitivity.
Results
Relationship between sperm characteristics and farrowing rate Semen parameters values and the fertility outcome were not significantly different in the two genetic lines of the boars used in this study (data not shown). Therefore, all ejaculates from these boars can be considered as a homogeneous group. Statistical analysis of sperm parameters values and fertility outcome obtained in the field trial are shown in Table 1 for the two groups of ejaculates according to farrowing rate (more or less than Linear and logistic regression analyses were used to correlate the farrowing rate data to the semen parameters. In both analyses, a poor correlation with fertility outcome was obtained. Only motility (logistic and linear regression) was significantly correlated to farrowing rate (Table 2) . When all conventional semen parameters were analysed through a stepwise, multiple logistic or linear regression analysis, only three parameters (motility, PCD and swollen tail) are necessary to reach statistical significant model (Tables 3 and 4) . However, in both models a low percentage of total variance of farrowing rate could be predicted. It was surprising to find that there was a positive correlation between PCD and swollen tail with fertility (Table 3) .
The use of ROC led us to calculate the cut-off values for the semen parameters (Table 5 ) in these experimental conditions. Cut-off values obtained in this study were highly restricted, for example EN (86), NAR (94), normal morphology (90) and DCF (85). However, they were less restricted for motility (70). The sensitivity and specificity of these parameters to identify better ejaculates in terms of fertility outcome are shown in Table 5 . Lowering the threshold reduces the sensitivity of the measures (the likelihood of correctly identifying infertile-subfertile ejaculates) but increases their specificity (the likelihood of correctly identifying fertile ejaculates).
On the basis of the area under ROC (area ROC), each seminal parameter did not provide information that was helpful in discriminating fertility outcome, because it was not significantly >0.500. However, motility, PCD and folded tail are near to this value, although there were not significant differences between area ROC corresponding to the different seminal parameters.
Relationship between sperm characteristics and litter size Concerning litter size, the total number of piglets born showed a significant positive correlation with motility (r ¼ 0.1223, p ¼ 0.0435; Table 6 ), while folded tail showed a negative correlation (p ¼ 0.0681) but did not reach statistical significance. However, no correlation was found between the average live piglets born and semen parameters (Table 6 ). Only a weak positive correlation was found for motility and a negative correlation for folded tail, but neither reach statistical significance. Significant models were found with multiple linear regression (stepwise forward). For the live piglets born, the model was constructed with three variables including motility, FPM and folded tail, confirming the tendency previously detected (Table 7) . For total number of piglets born, a significant model was constructed with five parameters (motility, FPM, PCD, swollen tail and total morpho-anomalies (Table 8) . In both models, a low percentage of total variance of the litter size could be predicted.
Discussion
Fertilizing ability is commonly measured as the percentage of sows or gilts conceiving or farrowing after AI (Foote 2003) . In general, both measures are indicative of the efficiency with which eggs are fertilized and capable of sustaining embryonic development (Watson 1996) . The best way to assess boar fertility is to obtain viable pregnancies and normal offspring following in vivo insemination. However, field trials of semen fertility are imprecise (Clark et al. 1989; Foote 2003) . Consequently, one of the main goals in spermatology should be to investigate new markers of sperm function that would allow the better prediction of fertility outcome (Hammerstedt 1996; Braundmeier and Miller 2001) .
Several studies have previously assessed the predictive value of seminal parameters under different experimental conditions, including insemination with low number of sperm per dose (Tardif et al. 1999) ; no previous selection of ejaculates (Gadea et al. 1998) , one or two AI doses, different time application, etc. However, this study was designed to provide sound scientific information that could be directly applied in the field, under commercial conditions (2 artificial insemination (AI), 3 · 10 9 sperm/ dose, pre-selection of ejaculates). So, we grouped the ejaculates according to the farrowing rate, and selected the threshold value of 85% because it is a common target value for a great numbers of commercial farms.
In this study a poor correlation was found between semen characteristics and fertility outcome. Of all parameters studied, sperm motility is the most significant one because it is significantly correlated with farrowing rate and total number of piglets born, and it appears as a significant component in all multivariate models. However, the correlation coefficient is relatively low. Reports of a correlation between motility and fertility are contradictory (Pursel et al. 1984; Galli and Bosisio 1988; Berger and Parker 1989; Holt et al. 1997; Gadea et al. 1998; Tardif et al. 1999; Selles et al. 2003) . This could be due to differences in experimental conditions. In fact, sperm motility assessment is subject to great intra-and inter-observer variability. Although computer-assisted sperm analyses (CASA) would appear as the logical choice to solve this question (Holt et al. 1997) , CASA is under other technical biases.
Sperm morphology is another parameter that appears to be correlated with fertility outcome (at least as a tendency). Sperm defects have been related to infertility (Bonet and Briz 1991) . In a standard semen analysis, morphology provides information about the efficiency of spermatogenesis and it can facilitate selection of boars for AI programmes (Waberski et al. 1990 ). It also allows workers to establish the intensity of stress produced by a high frequency of semen collection better (Briz et al. 1995 ). An inverse correlation has been reported between the number of morphological abnormalities and fertility (Martinez et al. 1986; Galli and Bosisio 1988; Waberski et al. 1990; Zeuner 1992; Waberski et al. 1994a; Gadea et al. 1998) . However, in this study under commercial conditions, only a weak correlation was found for some sperm defects (PCD, folded tail) but did not reach statistical significance. The intact nature of the spermatozoa plasma membrane is a prerequisite for suitable sperm metabolism and function. The methods used to assess sperm viability included EN staining and DCF. However, this information is not much related to fertility, perhaps because it informs about the viability of this sperm but not about its functionality, (capacitation process, acrosome reaction, sperm binding, etc.). Several authors have described how high numbers of altered acrosomes are related to fertilizing problems. However, the correlation rates observed between NAR and fertility were not high (Pursel et al. 1984; Galli and Bosisio 1988; Hammitt et al. 1989) .
The use of multivariate analysis would help to discriminate fertility potential, because it combines information of different sperm properties. The combination of selected semen tests provides a higher fertility predictive value compared with single tests (Waberski et al. 1999) . However, the results obtained in this study could only explain the low variance observed. Likewise, the use of logistic regression analysis (more adequate to dichotomous variables as farrowing rate) is equally efficient in correlating seminal parameters. As expected, there was a significant correlation between the different methods used confirming that 'biological evidence is related with facts, no with any peculiar statistical test' (A. Romar, personal communication).
The determination of cut-off values for seminal parameters has been described in the literature more as the result of an empirical than a scientific approach to the problem. A statistical discriminant analysis of the data could give some valuable information. However, because of the poor correlation between seminal parameters and fertility, the sensibility and specificity of this cut-off is very limited.
Some possible causes of the lack of correlation between fertility and seminal characteristic could be based on: (1) certain sperm characteristics could not be analysed by the standard spermiogram. In this sense, Saacke et al. (1994) define the uncompensable sperm traits as sperm characteristics or deficiencies associated with incompetent fertilizing sperm (those sperm that can initiate but not complete the fertilization process or sustain early embryogenesis). The compensable sperm traits precluded availability of sperm to fertilization (reviewed by Evenson 1999), and they could be measured by classical spermiogram. These uncompensable sperm traits would be in relation with alteration in DNA and nucleoproteins in sperm chromatin (Evenson et al. 1994) .
(2) As the contradictory results would have been due to the experimental differences including low number of ejaculates or sows analysed, a high number of sperm per dose could compensate any infertility factor in the boar that could mask the relationship with sperm quality (Woelders 1991; Tardif et al. 1999; Johnson et al. 2000) . Another factor could be the pre-selection of the ejaculates. As, under commercial conditions, the ejaculates were selected usually by motility, only those with motility over a reference value were used. This would tend to reduce the variability in semen parameters. In a previous study, in which no pre-selection was performed, higher correlations were found (Gadea et al. 1998 ), but the preselection carried out on commercial conditions could reduce this correlation, as demonstrated for in vitro fertility (Gadea and Matas 2000) .
(3) A high variance associated with the sow was not related to sperm quality and was affected by many different factors (Clark et al. 1989 ). The higher is the sperm quality, the more homogeneous the sow effect is. One way of eliminating this variable would be to improve those factors that impinge on the sows such as the synchrony between inseminations and ovulation with the use of ultrasonography (Waberski et al. 1994b; Nissen et al. 1997 ).
In conclusion, sperm analysis conducted under commercial conditions lead to the detection of ejaculates with very poor quality (associated with poor fertility), but the pre-selection of the samples, the high number of sperm per dose and the high quality of the semen used in the AI programmes reduces the variability. So, there is low probability of detecting fertility differences associated with seminal parameters.
